The substituted thieno [2,3-d]pyrimidine 3 (Org 41841), a partial agonist for the luteinizing hormone/ choriogonadotropin receptor (LHCGR) and the closely related thyroid-stimulating hormone receptor (TSHR), was fundamentally altered and the resulting analogues were analyzed for their potencies, efficacies and specificities at LHCGR and TSHR. Chemical modification of the parent compound combined with prior mutagenesis of TSHR provided compelling experimental evidence in support of computational models of 3 binding to TSHR and LHCGR within their transmembrane cores. Biochemical analysis of a specific modification to the chemical structure of 3 provides additional evidence of a H-bond between the ligand and a glutamate residue in transmembrane helix 3, which is conserved in both receptors. Several key interactions were surveyed to determine their respective biochemical roles in terms of both van der Waals dimensions and hydrogen bond capacity and the respective relationship to biological activity.
Introduction
Luteinizing hormone/choriogonadotropin (LH/CG), follicle-stimulating hormone (FSH) and thyroid-stimulating hormone (TSH) are heterodimeric glycoprotein hormones that regulate reproduction and thyroid homeostasis. 1,2,3 LH is responsible for ovulation induction in women and controls testosterone production in men. FSH causes ovarian follicle maturation in women and is involved in spermatogenesis in men. TSH is involved in the growth and function of thyroid follicular cells. Cellular responses to all three glycoprotein hormones are mediated via distinct seven transmembrane-spanning receptors (7TMRs); i.e. the LHCGR, FSHR and TSHR. Each receptor is characterized by an elongated extracellular domain distinguished by several leucine-rich motifs that are involved in recognition and binding of the large glycoprotein hormones. The seven-transmembrane helices of each receptor are noteworthy because of their high degree of homology.
Disruption of physiological regulation of LHCGR, FSHR and TSHR by diverse pathogenic mutations has been implicated in a number of human diseases. 1,4 The specific and potent control of these multifunctioning receptors could provide important therapeutic advancements. LH and FSH are currently used clinically for the treatment of infertility and it can be reasoned that synthetic agonists of LHCGR and FSHR have potential as infertility therapeutics. Recombinant TSH is used in the diagnostic screen for thyroid cancer. TSHR agonists and antagonists may well have utility in the diagnosis and treatment of thyroid cancer, respectively. The development of small molecule modulators of LHCGR and FSHR has also been pursued with varying degrees of success. 5 Notable is the development of a FSHR antagonist 1 ,6 a FSHR agonist 2 7 and the potent LHCGR agonist 3 8 (Org 41841)( Figure 1 ).
The advancement of low molecular weight modulators of 7-TMR function is well established within medicinal chemistry and pharmacology. While highly potent small molecule agonists and antagonists of a multitude of 7-TMRs are frequently reported from high-throughput screening, their receptor specificity and binding mechanism often remains unknown. While the prohibitive number of 7-TMRs and other cellular targets preclude knowing the absolute specificity of any small molecule, the competitive interactions of pharmacologically active agents at highly homologous receptors can and should be explored. Moreover, when possessing a combination of data regarding the putative binding site of a pharmacological agent and a modest degree of structural information of homologous receptors, it may be possible to reengineer the molecular structure of a known binding agent to alter the binding preference. Using a combination of molecular modeling and evaluation of the binding of 3 within several TSHR/LHCGR chimera mutants, we have recently reported that 3 was found to bind within the seven-transmembrane domain of the TSHR and LHCGR. 9 Specifically, 3 was shown to bind within a localized pocket between transmembrane helices 3, 4, 5, 6 and 7 and extracellular loop 2. Low molecular weight ligands of the LHCGR and TSHR are remarkable in that they are not likely to compete with the large native hormones for binding at the extracellular Nterminal domain. Herein we report the exploration of the small molecule agonist 3 via several fundamental structural alterations and the resulting effects on efficacy, potency and specificity between the highly homologous LHCGR and TSHR.
Results

Chemistry
The synthesis of 3 and several analogues based thereupon was accomplished in a similar manner to that described in the original report by van Boeckel and coworkers. 8 A modified Biginelli condensation afforded the substituted pyrimidone scaffold. 10 We found that numerous aldehydes were tolerated within this system including highly electron withdrawn (i.e. polyfluoro and nitro) and electron rich (polymethoxy and hydroxyl) aromatic ring systems.
Treatment with POCl 3 afforded the 4-cloro-substituted pyrimidines in quantitative yields and substitution with either ethyl-2-mercaptoacetate or tert-butyl-2-mercaptoacetate 11 afforded several thienopyrimidines, including biochemically relevant compounds 4 and 5. Saponification of the ethyl esters with lithium hydroxide in a dioxane/water mixture provided the thienopyrimidine acids and PyBOP catalyzed amide couplings with several amines provided 3 and compounds 6-19. 12 Initial docking experiments suggested a potential hydrogen bond between the amine functionality of 3 and E3.37 in transmembrane helix 3 of both TSHR and LHCGR. To fully examine this we chose to eliminate this potential interaction via two distinct experimental means. Using the small molecule as a point of manipulation, the removal of the aromatic amine or the protection of the aromatic amine via dimethylation would accomplish the exclusion of H-bond donation capability. Unfortunately, all attempts to deaminate the structure of 3 were unsuccessful. However, direct treatment with methyl iodide in basic acetonitrile afforded the dimethylamine analogue 20 (Figure 2 ) along with the monomethylated version and the concomitant dimethyl amine -methyl amide addition. Purification via HPLC was required prior to biological evaluation of 20.
Biochemistry
Both human TSHR and human LHCGR were stably expressed in HEK 293 EM cells as previously described. 13,14 Cell surface expression of TSHR and LHCGR were determined via FACS analysis. 15 Agonism of compounds 3-20 were determined via measurement of intracellular cyclic AMP accumulation. It should be noted that 3 and the derivatives described here in were evaluated at the FSHR and no significant activity was observed.
Docking experiments of the ligand within both LHCGR and TSHR consistently suggested a potential hydrogen bond between the amine functionality of 3 and E3.37. We have previously reported the examination of this prospective interaction via an E to A mutant at position 3.37 for TSHR. 9 Consistent with the suggested interaction displayed in our models, E3.37A was not activated by 3. The dimethylated analogue 20 provided a reagent to test this hypothesis directly by eliminating the needed hydrogen bond donation by the relevant amine. The resulting agonism displayed by 20 was shown to be only 7% relative to that of 3 at both LHCGR and TSHR ( Figure 2 ). These experiments provide congruent evidence from two unrelated analyses for a critical H-bond between 3 and TSHR and LHCGR.
The chemical structure of 3 was further modified in a variety of ways in an attempt to define novel activity. Table 1 presents a compilation of the activities of 3-19. Of note is the greater tolerance toward ligand modification found at the LHCGR compared to TSHR. To more adequately appreciate the differences in the receptor-ligand interaction, the full dose response curves of 3, 5 and 7 were established ( Figure 3 ). These analogues were chosen based upon the range of activation that was initially noted for each small molecule at both receptors. Further, each compound represents single point alterations to the potentially important amide pharmacophore. These experiments show that the addition of an N-methyl group to the tertbutyl amide in compound 7 precludes an agonistic response at the TSHR while allowing a response at LHCGR similar to that of 3. The original report of 3 described the utility of the tert-butyl moiety as a major determinant of its potency at LHCGR. We explored the role of the linkage (amide or ester) between the aromatic and tert-butyl segments of 3. The alteration of the tert-butyl amide (displayed in 3) to a tert-butyl ester (displayed in 5) had a deleterious effect on both potency and efficacy at LHCGR while the activity at TSHR was unaffected.
Docking Studies
We have previously reported the construction of molecular models of TSHR and LHCGR. 9 In this study, by means of the ICM software 16 3 and selected analogues were docked within the previously described binding pockets of 3 at TSHR and LHCGR (detailed experimental procedures and descriptions are found in the supporting information). 9
The similarities and dissimilarities of the amino acid residues between the receptor subtypes were studied to elucidate positions that form and cover the binding pocket for the two receptors. To facilitate the comparative relationship between selected residues of each receptor, a GPCR residue indexing system was utilized (i.e. E3.37 for both E506 at TSHR and E451 at LHCGR). 17, 18 Several conserved amino acids, such as the key glutamate (E3.37), as well as nonconserved amino acids, such as the F → T (position 5.42), Y → F (position 6.54) and L → F (position 570/515), were deemed relevant toward the binding of 3 at both LHCGR and TSHR. The complete comparison of the amino acid residues the form the putative binding pockets are shown in Table 2 .
The resulting models represent an extension of our previous work on TSHR 9,15 and constitute the first reported docking models of this class of ligands at LHCGR. In part, the models confirm our supposition that LHCGR contains a larger binding pocket than the TSHR. This has numerous consequences with regards to the binding mode of 3 and selected analogues within the two related receptors. From an early stage in our modeling experiments it was apparent that 3 could bind in two distinct orientations in both receptors with nearly similar docking scores. Common to both is the pivotal role of E3.37 as a hydrogen bond acceptor. Further, these two orientations were statistically more significant than all other docking orientations examined. They can be briefly explained by using the methoxy-phenyl moiety as a point of reference. In orientation A, the methoxy-phenyl ring is seen in a position proximal to transmembrane helixes 4 and 5 and bordering the extracellular loop region. In orientation B, the methoxy-phenyl ring is seen in a position proximal to transmembrane helix 3 and more deeply buried within the transmembrane core ( Figure 4 ). We chose to amplify upon these two orientations by docking selected analogues of 3 (namely compounds 5 and 7) based upon the altered hydrogen bond capacity of the amide and their differing pharmacological results. We further anticipated the docking models would allow us to amplify upon the relevance of the tert-butyl amide moiety in terms of both van der Waals dimensions and hydrogen bond capacity. Both binding orientations for both receptors (shown in Figure 4 for 3 and in the supporting information for 5 and 7) are shared (with certain dissimilarities) for all three compounds.
A detailed survey of the resulting twelve models (shown within the supporting information) provided several points of interest, but none more striking than the significant docking shifts that were noted for analogue 7 ( Figure 5 ). Despite bearing a larger and more hindered amide substituent due to the presence of an additional methyl group, compound 7 can be accommodated within the binding pocket of LHCGR with direct overlap with compound 3. On the contrary, in molecular models of the TSHR, the larger van der Walls dimensions of compound 7 did not allow this compound to adopt a docking pose similar to that of 3 in either orientation A or B ( Figure 5 details the docking of 7 in orientation A). Due to the additional steric constraints, the amide moiety of compound 7 could not be accommodated in the tightly packed region surrounding M6.48 in orientation A within the TSHR and, importantly, the essential H-bond with E3.37 was not observed. Moreover, the increased bulkiness of the amide moiety of compound 7 generated a steric clash within the TSHR binding pocket of orientation B as well. Further, fewer docking poses with acceptable docking scores were observed for 7 within TSHR molecular models presumably due to the presence of the bulkier amino acids residues that constitute the binding pocket (i.e. L570, F5.42 and I6.59). Consequently, the aromatic amine moiety of compound 7 did not engage in a H-bond with E3.37 (the distance between carboxyl oxygen of E3.37 and the NH 2 group of compound 7 was noted to be 5.7Å -shown in supporting information). These results are significant for the advancement of next generation derivatives of 3.
Discussion
The optimization of the binding arrangements of 3 within both the molecular models of LHCGR and TSHR provided numerous insights that could be experimentally examined. For instance, we determined whether exploitation of the T F variation (T530 and F585 in LHCGR and TSHR respectively) could provide an analogue of 3 with altered specificity favoring TSHR activation. To this end we synthesized several aromatic amides (14 and 15) in the hope of achieving a stacking interaction between the phenyl rings of the altered compounds and F585. There was, however, no enhancement of activity at TSHR based upon these structural modifications to 3. We also took note of the specific interactions between 3 and the negatively charged E3.37 and synthesized several analogues with amplified positive charge and/or enhanced H-bonding capacity in an effort to enhance the binding of the small molecule. However, none of these derivatives (8, 9, 10 and 11) were found to be effective modulators of either receptor. Several derivatives were synthesized in an effort to introduce functionality with different H-bonding capacity at the amide portion of the molecule (12 and 13) in the hopes of defining novel binding arrangements for receptor activation. However, neither derivative provided an enhancement of potency or selectivity. Our studies did confirm that the tert-butyl moiety was optimal for the small molecule to interact with one of the two hydrophobic cores (between TMH4 and TMH5 proximal to the extracellular domain and between TMH3 and TMH6 near the M6.48 region) located within the binding pocket defined by our models. Further, the necessity of the amide functionality was confirmed by the distinct activities of 3 and 5. We are unable, based upon our current experiments and models, to categorize the amide pharmacophore from the basis of the H-bond variance of amides and esters or the associated van der Waals constraints. A small survey of the methoxy-phenyl ring revealed that modest alterations of this moiety are seemingly allowed. In particular, the replacement of the methoxy group with a hydroxyl (19) was noted to have no critical influence on the potency at the LHCGR but a large enhancement in the displayed efficacy.
Analysis of the docking models of this class of ligands at both LHCGR and TSHR provided two distinct docking orientations. The two orientations have nearly equivalent docking scores yet they represent two vastly divergent ligand postures. It should be noted that recent structural modifications of 3 have denoted that the methoxy phenyl ring can be modified to accommodate larger substitutions (such as phenyl amide and several small peptide chains up to 8 atoms) without consequence toward the potency of the small molecule at the LHCGR. 5 Taking this data into account does not provide any definitive preference in favor of either orientation A or B since the limited spatial extension at the methoxy moiety was accommodated in both cases. From Fig. 4 (right) one can comprehend that in orientation A limited spatial extension such as the phenylamide are spatially feasible at Y5.39 in the LH/CGR. In orientation B a phenylamide could be accommodated above Y7.42 between TMH7 and TM3.
The predicted interaction best supported by experimental data is the H-bond observed between the amine functionality of 3 and E3.37. We examined this potential interface by converting the amine to a dimethylamine moiety in 20 thus eliminating the H-bond donation capacity of the small molecule (Figure 2) . Previously, we mutated TSHR to eliminate the glutamate residue and thus abolish the H-bond potential between the receptor and the small molecule. 9 We observed that each of these independent changes markedly reduced agonistic activity at TSHR and, in terms of the activity of 20, LHCGR as well. This provides compelling experimental evidence supporting the existence of a critical H-bond between the small molecule and E3.37 and our proposed molecular docking arrangements of 3 within both LHCGR and TSHR.
Among the most important derivatives of the parent compound was the N-tert-butyl-N-methyl analogue 7. This small molecule was noted to retain similar potency and efficacy at LHCGR while, importantly, eliminating the modest activity displayed by 3 at TSHR. Examination of 7 within our TSHR docking studies revealed that the slight addition of steric bulk at the amide was sufficient to eliminate the apparently critical H-bond between the compound and E3.37. However, docking of 7 within our LHCGR homology models revealed good overlap with the parent compound and the apparently critical hydrogen bond is unaltered. Again, these results provide persuasive evidence for a putative binding pocket within a cleft between transmembrane helices 3, 4, 5 and 6 of both receptors.
Conclusion
Herein we have described the first reported docking model of a LHCGR-small molecule complex. Further, we have refined our model of the highly homologous TSHR-small molecule complex and compared the two models in an attempt to identify a mechanism by which the selectivity of 3 could be optimized. Several fundamental adjustments were made to the scaffold of 3 in an attempt to take advantage of several key amino acid residue variances between the two receptors. A critical hydrogen bond between 3 and a key glutamate residue (E3.37) was suggested by molecular modeling and subsequently confirmed by complimentary experimental evidence through mutagenesis of the receptor target 9 and modification of the small molecule ligand. The selectivity of 3 toward LHCGR was amplified by taking note of the smaller binding pocket within TSHR and accordingly increasing the steric bulk of the amide portion of the molecule (compound 7). Modeling revealed a potential mechanism for this selectivity through the preclusion of the required H-bond to E3.37 based upon the hindered interaction between 7 and TSHR. These results will be of key importance in improving our molecular model of the receptor-small molecule interaction and further refinement of the ligand.
Experimental Section
General 1 H NMR data was recorded on a Varian Gemini 300 MHz. Spectra were recorded in d 6 -DMSO, d 4 -CD 3 OD, and D 2 O and were referenced to the residual solvent peak at 2.50, 3.31 and 4.79 ppm, respectively. Reverse-phase (C18) HPLC was carried out using an Agilent HPLC with a Zorbax™ SP-C18 semi-prep column. High-resolution mass spectroscopy measurements were performed on a Micromass/Waters LCT Premier Electrospray TOF mass spectrometer.
General experimental procedures
5-carbonitrile-1,6-dihydro-2-(methylthio)-6-oxo-4-(substituted phenyl)
pyrimidines-To a solution of S-methylisothiourea (1 equiv), the appropriately substituted benzaldehyde (2 equiv) and ethyl cyanoacetate (2 equiv) in ethanol was added K 2 CO 3 (2 equiv). The reaction mixture was heated to 60 ºC for 5h and filtered upon cooling to obtain products. Purification by flash chromatography (using EtOAc:hexane 1:1) provided the final products as off white solids in 30-50% yields.
5-carbonitrile-4-chloro-2-(methylthio)-6-(3-substituted phenyl)pyrimidines-To
a mixture of the oxopyrimidines in dioxane was added POCl 3 (excess) in dioxane. The reaction was heated to reflux for 3h and the solvent was removed by reduced pressure. Saturated NaHCO 3 was added to the resulting brown solids and the reaction mixtures were extracted with CH 2 Cl 2 (3 × 100 mL). The organic layers were combined, dried over Na 2 SO 4 , and the solvent was removed under reduced pressure. Purification by silica plug filtration (using EtOAc:hexane 1:1) provided the final products as white crystalline solids in 80-90% yields.
ethyl-5-amino-2-(methylthio)-4-(substituted phenyl)thieno[2,3-d]pyrimidine-6-
carboxylates-To a solution of the appropriate pyrimidine (1 equiv) and ethyl-2-mercaptoacetate -or -tert-butyl-2-mercaptoacetate (1.1 equiv) in ethanol was added sodium (0.910 equiv) in ethanol. The yellow reaction mixture was heated to 50 ºC for 3h, cooled and the ethanol removed under reduced pressure. The yellow solids were dissolved in CH 2 Cl 2 (50 mL), washed with DI water (3 × 25 mL), the organic layer was dried over Na 2 SO 4 , and the solvent removed under reduced pressure. Purification by flash chromatography (using EtOAc:hexane 1:1) provided the final products as yellow solids in 70-90% yields.
N-tert-butyl-5-amino-2-(methylthio)-4-(substituted phenyl)thieno[2,3-d]
pyrimidine-6-carboxamides-To a solution of the appropriate ethyl ester (1 eqiuv) in a dioxane and water mixture was added lithium hydroxide (2 equiv). The reaction mixture was heated to 50 ºC for 3h, cooled and the solvent removed under reduced pressure. The crude acid was used without further purification. The yellow solids were dissolved in a minimal amount of DMF, followed by the addition of PyBOP (3 equiv), DIPEA (5.5 equiv) and tert-butylamine (3 equiv), respectively. Purification by flash chromatography (using EtOAc:hexane 2:1) provided the final products as yellow solids in 50-90% yields. 
N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3-d]
ethyl-5-amino-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3-d]pyrimidine-6-carboxylate (4)-Analysis
5-amino-N-(ethyl)-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3-d]
pyrimidine-6-carboxamide (6)-Analysis by C 8 reversed phase LCMS using a linear gradient of H 2 O with increasing amounts of CH 3 CN (0 → 18 min, 40% → 80% CH 3 CN at a flow rate of 1 mL/min, t R 9.8 min) found greater than 99% purity by peak integration. 1 N-benzyl-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3-d Analysis of 20 at both the TSHR and LHCGR. Comparison of activation of TSHR and LHCGR by compounds 3 and 20 relative to basal activities of both receptors. Intracellular cAMP production was determined in response to 100 μM of each compound and is expressed as % of maximum response of TSHR/LHCGR to TSH (100 mU/ml)/LH (1000 ng/ml). The data are presented as mean ± SEM of two independent experiments, each performed in duplicate. Full concentration analyses of compounds 3, 5, and 7 at TSHR and LHCGR. The data are presented as mean ± SEM of two independent experiments, each performed in duplicate. Amino acids are identified according to the residue numbering (including signal peptide) and to the Ballesteros-Weinstein numbering. The binding pockets of TSHR and LHCGR are composed of 32 amino acids, 11 of which are divergent. TMH (transmembrane helix), ECL (extracellular loop), bolded residues indicate dissimilar amino acid residues.
5-amino-
